This study aimed to investigate 1) the plasma resistin concentration at birth, 2) the relationship of resistin with leptin and insulin, and 3) the association of resistin with anthropometric indexes in newborn infants. Blood samples for hormonal assay were obtained from preterm and term newborns within the first 2 h of life and before milk feeding or energy intake. Although these infants required blood sampling for clinical reasons, all were proved to be noninfected. Plasma resistin was significantly higher in term than in preterm infants. It was also significantly correlated with serum leptin, and both hormones were significantly associated with gestational age and anthropometric indexes. Infants who were born vaginally were found to have significantly higher plasma resistin levels compared with those who were born by cesarean section. In the multivariate forward stepwise regression models, resistin was found to be significantly associated with the mode of delivery and gestational age or birth weight. The association among resistin, leptin, and anthropometric indexes suggested that both hormones might be gestation related. A high circulating resistin level at term gestation could be advantageous to the infant by promoting hepatic glucose production and preventing hypoglycemia after birth. Infants who were born vaginally had significantly higher plasma resistin levels, suggesting that this hormone might also be associated with stress or inflammation induced by the birth process. Resistin and leptin are newly discovered metabolic hormones that play important roles in regulating energy homeostasis and carbohydrate/lipid metabolism (1-3). Both hormones are mainly secreted by adipocytes. Resistin is a cysteine-rich secreted protein that impairs glucose homeostasis and opposes the action of insulin in peripheral tissues (1,4). It has also been shown to inhibit adipogenesis in vitro (2) and to be involved in inflammatory processes of the lung (5). Recent evidence suggests that the secretion of leptin follows a diurnal pattern (6) and provides important adiposity signals from the periphery to the hypothalamus for regulating body fat content (6,7). Our previous study in preterm infants further indicates that circulating leptin increases substantially after 34 wk gestation, and this phenomenon bears a close temporal relationship with the rapid accumulation of body fat mass during the latter half of the third trimester (8). In addition, our recent study in term newborns demonstrates that resistin is significantly suppressed in infants of mothers with insulin-dependent diabetes (9). The results from these (8,9) and other studies in newborns (10 -13) highlight the important issue that these newly discovered metabolic hormones may play a crucial role in controlling fetal energy homeostasis and affecting deposition of adipose tissue in utero. To date, there are very few data on resistin in newborn infants. The interaction of resistin with other metabolic hormones such as leptin or insulin and its relationship with anthropometric indexes have not been systematically evaluated. This study, therefore, was undertaken to investigate 1) the plasma resistin concentration at birth; 2) the relationship between resistin and other metabolic hormones, including leptin and insulin; and 3) the association of resistin with anthropometric indexes in preterm (Ͻ37 wk gestation) and term (37-42 wk gestation) infants. The results may provide important information concerning the activity of resistin in human newborns and the understanding of these metabolic hormones in regulating body weight and composition in utero. 
Resistin and leptin are newly discovered metabolic hormones that play important roles in regulating energy homeostasis and carbohydrate/lipid metabolism (1) (2) (3) . Both hormones are mainly secreted by adipocytes. Resistin is a cysteine-rich secreted protein that impairs glucose homeostasis and opposes the action of insulin in peripheral tissues (1, 4) . It has also been shown to inhibit adipogenesis in vitro (2) and to be involved in inflammatory processes of the lung (5) . Recent evidence suggests that the secretion of leptin follows a diurnal pattern (6) and provides important adiposity signals from the periphery to the hypothalamus for regulating body fat content (6, 7) . Our previous study in preterm infants further indicates that circulating leptin increases substantially after 34 wk gestation, and this phenomenon bears a close temporal relationship with the rapid accumulation of body fat mass during the latter half of the third trimester (8) . In addition, our recent study in term newborns demonstrates that resistin is significantly suppressed in infants of mothers with insulin-dependent diabetes (9) . The results from these (8, 9) and other studies in newborns (10 -13) highlight the important issue that these newly discovered metabolic hormones may play a crucial role in controlling fetal energy homeostasis and affecting deposition of adipose tissue in utero. To date, there are very few data on resistin in newborn infants. The interaction of resistin with other metabolic hormones such as leptin or insulin and its relationship with anthropometric indexes have not been systematically evaluated. This study, therefore, was undertaken to investigate 1) the plasma resistin concentration at birth; 2) the relationship between resistin and other metabolic hormones, including leptin and insulin; and 3) the association of resistin with anthropometric indexes in preterm (Ͻ37 wk gestation) and term (37-42 wk gestation) infants. The results may provide important information concerning the activity of resistin in human newborns and the understanding of these metabolic hormones in regulating body weight and composition in utero.
METHODS

Study population.
A total of 80 preterm and term newborn infants who were admitted to the neonatal unit at the Prince of Wales Hospital, Hong Kong, were prospectively recruited during a 24-mo period. The neonatal unit has a very low threshold for performing sepsis screening in newborns. Enrolled term (37-42 wk gestation; n ϭ 40) and preterm infants (31-36 wk gestation; n ϭ 40) were newborns with increased risk for perinatal infection, such as unstable body temperature, tachypnea, or apnea, but were subsequently proved to be noninfected with normal chest radiographs, sterile blood, cerebrospinal fluid (a routine procedure in the sepsis screening protocol), urine, and surface (ear, nose, throat, and umbilicus) cultures and consistently normal serial serum C reactive protein concentrations (Ͻ10 mg/L). Of the term infant group one, one, three, eight, 10, and 17 infants subsequently received a diagnosis of polycythemia, laryngomalacia, pethidine-induced apnea, desaturation or apnea with unknown cause, unstable temperature, and transient tachypnea of the newborn, respectively. In addition, it has been the policy of the neonatal unit to routinely admit preterm infants with gestational age Ͻ35 wk and those whose birth weight Ͻ2200 g for clinical assessment and monitoring. The majority of preterm infants had blood taken because of reasons associated with prematurity. The gestational age of an infant was assessed by the mother's last menstrual period and/or early ultrasound dating, and preterm infants were further cross-checked with the new Ballard Score examination (14) after birth. Infants with 1) chromosomal abnormalities, 2) major or lethal congenital malformations, and 3) proven histologic chorioamnionitis (preterm infants) and perinatal infection (preterm and term infants) and 4) those whose mother had pregestational or gestational diabetes or received hormonal therapy such as thyroxine during pregnancy or inhaled and systemic corticosteroids immediately before delivery were excluded.
Blood samples. All blood samples were collected within the first 2 h of life and before milk feeding or i.v. dextrose infusion. The blood collection was scheduled to coincide with the clinical blood sampling procedure to minimize any unnecessary disturbance to the infants. Venous blood was collected into 1) a prechilled plain bottle for serum leptin and insulin measurements, 2) a prechilled EDTA bottle that contained aprotinin (Sigma Chemical Co.-Aldrich Corp., St. Louis, MO; final concentration of 0.6 trypsin inhibitor unit/mL) for plasma resistin measurements, and 3) a fluoride bottle for plasma glucose measurements. The blood samples were immediately immersed in ice and transported to the laboratory for centrifugation at 3500 rpm for 10 min at 4°C, and the resulting plasma or serum was stored at Ϫ70°C until analysis.
Hormone assays. Plasma resistin and serum leptin were measured by ELISA (Phoenix Pharmaceuticals Inc., Belmont, CA; and Diagnostic Systems Laboratories, Webster, TX, respectively). Serum insulin was measured by microparticle immunoassay (IMx analyzer; Abbott Laboratories, Abbott Park, IL) and glucose by the hexokinase method (Hitachi 917 analyzer; Roche Diagnostics Corp., Indianapolis, IN). The sensitivity and the intraassay coefficient of variation of resistin, leptin, insulin, and glucose were 0.82 ng/mL and 8.7% at 16.2 ng/mL, 0.05 ng/mL and 3.5% at 2.2 ng/mL, 1.0 U/mL and 5.6% at 5.3 U/mL, and 2.0 mg/dL and 1.59% at 90 mg/dL, respectively.
Data collection. The clinical and anthropometric data are summarized in Table 1 . Birth weight was measured immediately after birth using a digital scale in the labor room and other anthropometric measurements, including body length and triceps and subscapular skinfold thickness were measured by a Harpenden infantometer and a skinfold caliper using the standard methods (9) . Ethical approval of the study was obtained from the Clinical Research Ethical Committee of The Chinese University of Hong Kong. Informed parental consent was obtained for each patient before commencement of the test.
Statistical analysis. The clinical data, anthropometric indexes, and hormone concentrations were expressed as median and interquartile range. The MannWhitney U test was used to compare these parameters among preterm and term infants and also between the sexes. The 2 test was used to assess the categorical data. The Spearman's correlation coefficient was used to evaluate the interrelationship 1) between different metabolic hormones and 2) between metabolic hormones and clinical or anthropometric indexes. Statistically significant clinical and anthropometric parameters associated with metabolic hormones were further subjected to multivariate forward stepwise regression analysis. Logarithmic (Ln) transformation of plasma resistin concentration was required because the data were not normally distributed. Statistical tests were performed using SPSS for Windows (Release 11.5; SPSS Inc., Chicago, IL). The level of significance was set at 5% in all comparisons. Table 1 summarizes the clinical characteristics and anthropometric indexes of preterm and term newborns. The term newborns had been used in our previous study and represented infants of the "normal" patient group (9) . All new Ballard Scores of preterm infants corresponded with the gestational age assessment by early ultrasound and/or mother's date. Of 40 preterm patients, two, five, and 33 newborns were infants whose mother had antepartum hemorrhage, preeclampsia, and spontaneous onset of preterm labor, respectively. As expected, the anthropometric indexes were significantly greater in term than in preterm newborns (Table 1) . Table 2 shows the comparison of hormone concentrations between the groups. Plasma resistin and serum leptin concentrations were significantly higher in term than in preterm infants (p Ͻ 0.0001 for both resistin and leptin; Table 2 ). In contrast, there was no significant difference in serum insulin concentrations between the groups.
RESULTS
Overall analysis.
The correlation between resistin and gestational age, anthropometric indexes, and other metabolic hormones is summarized in Table 3 . Plasma resistin was significantly correlated with serum leptin (r ϭ 0.42, p Ͻ 0.0001) but was not significantly associated with serum insulin (r ϭ Ϫ0.05, p ϭ 0.66). In addition, both plasma resistin and serum leptin were signifi- 
The graphic relationship between (Ln) plasma resistin and gestational age and body weight is represented in Fig. 1 .
In the subgroup analysis, infants who were born vaginally had significantly higher plasma resistin levels compared with those who were born by cesarean section [median (interquartile range): 12.8 ng/mL (7.0 -17.9) versus 4.9 ng/mL (3.3-8.5); p Ͻ 0.001, respectively]. This phenomenon was also observed when term and preterm groups were analyzed separately [vaginal versus cesarean section: 13.7 ng/mL (8.8 -19.0) versus 7.7 ng/mL (7.5-10.3), p ϭ 0.05 for term infants; and 8.2 ng/mL (4.3-15.1) versus 3.8 ng/mL (3.1-7.6), p ϭ 0.01 for preterm infants, respectively]. None of the other metabolic hormones was affected by the mode of delivery. Furthermore, plasma resistin and serum leptin concentrations were not significantly different between preterm infants who were born to mothers with preeclampsia or antepartum hemorrhage and other preterm infants in the same group.
Male versus female infants. The data were further analyzed by dividing into female and male infants. There were no significant differences in clinical characteristics, anthropometric indexes, and hormonal concentrations between the sexes. In the female group, there were significant correlations between plasma resistin and serum leptin and plasma glucose (Table 3 ). In the male group, plasma resistin was significantly correlated with gestational age, anthropometric indexes, and serum leptin (Table 3) .
Multivariate analysis. Statistically significant clinical and anthropometric parameters, including gestational age, birth weight, body length, body mass index, Apgar scores, mode of delivery, and sex, were subjected to multivariate forward stepwise regression models using (Ln) plasma resistin concentration as the dependent variable. The mode of delivery (p Ͻ 0.01) and gestational age (p Ͻ 0.001) or birth weight (p Ͻ 0.001) were significantly correlated with (Ln) plasma resistin. Female sex was also significantly correlated with (Ln) plasma resistin in the birth weight model (p ϭ 0.03) and marginally correlated with the hormone in the gestational age model (p ϭ 0.07; Table 4 ). 
DISCUSSION
Resistin is a novel adipocyte-secreted hormone that has been proposed to link obesity with diabetes (1,2,5). Its physiologic role in humans remains controversial (15) (16) (17) (18) , and very little is known concerning the potential function of resistin in the pediatric population, especially in newborn infants. This study, therefore, was designed to investigate the interaction between resistin and metabolic hormones or anthropometric parameters in both preterm and term newborns. Importantly, infants with histologic chorioamnionitis or proven perinatal infection and those whose mother received dexamethasone before delivery were excluded, because inflammation and a high glucocorticoid state or the use of corticosteroids can modulate body proinflammatory cytokines and may affect the circulating levels of the metabolic hormones (19 -22) . The study was also designed to investigate the plasma resistin concentration soon after birth and before milk feeding or calorie intake. Although our patients required blood taking for clinical reasons, none was proved to be infected. We recognized that these infants could not be strictly considered as "ideal" normal subjects. It was not ethical, however, to perform the blood test in newborns who otherwise did not require venipuncture. In addition, our recent study (9) with the same cohort of term infants demonstrated that these infants could function adequately as control infants in the clinical setting.
Plasma resistin was detectable in all studied infants at birth, and its levels in preterm and term newborns are summarized in Table 2 . Plasma resistin concentrations in newborns were comparable to the circulating resistin levels in adults described by Lee et al. (23) [mean (Ϯ SD): 9.3 ng/mL (Ϯ 7.7) in middle-aged women and 4.5 ng/mL (Ϯ 1.9) in young subjects] but were lower than the levels reported by Yannakoulia et al. (24) [mean (Ϯ SD): 16.9 ng/mL (Ϯ 5.4) in female subjects and 14.0 ng/mL (Ϯ 7.2) in male subjects]. More important, our findings revealed that both plasma resistin and serum leptin concentrations were significantly higher in term than in preterm newborns. There was also a significant and positive association between resistin and leptin, and both hormones were correlated with gestational age and anthropometric indexes at birth, suggesting that these metabolic hormones could be gestation related and might play an important role in regulating energy metabolism and adiposity in utero. Although such a relationship with leptin has been previously reported by us (8, 25) and other investigators (10 -13,26) , the link between resistin and gestational age or anthropometric indexes at birth, to our knowledge, has not been reported. In addition, our results in newborns were in accordance with the findings on healthy adults without severe inflammatory diseases in whom a correlation was also observed between leptin and resistin in serum (18) and that circulating resistin levels were higher in obese than in lean individuals (27) . However, conflicting data have since been presented regarding the aforementioned relationship in adults (23) . The inconsistencies between studies might have been related to variation in sample size, different methods of resistin measurements, and fluctuation of blood resistin concentrations among different categories of patients (23, 24, 27 ). In the current study, we tried to minimize some of these factors by recruiting a relatively large number of infants and, more important, having very stringent entry criteria for enrollment.
Two major metabolic roles have been proposed for resistin. First, resistin antagonizes the action of insulin and impairs glucose homeostasis (1). The net effects are 1) increase in glucose production that is, at least in part, mediated by the AMP-activated protein kinase pathway, resulting in increase in expression of hepatic gluconeogenic enzymes (28), and 2) decrease in the ability of skeletal muscle and adipose tissue to uptake glucose in response to insulin (29) . Second, resistin possesses an anti-adipogenic property and inhibits the proliferation of 3T3-L1 adipocytes (2) . In addition, circulating resistin levels have been shown to be elevated in both genetic and diet-induced rodent models of diabetes and obesity (1) . Thus, the current evidence supports the hypothesis that resistin may induce hyperglycemia (28) or contributes to insulin resistance (1) and inhibits adipogenesis (2) . In this study, the progressive increase in plasma resistin concentration with gestational age and during a period (latter half of third trimester) when there is rapid accumulation of fetal fat mass (8, 10) can be advantageous to the newborn. A high circulating resistin level at term may prevent hypoglycemia at birth by facilitating hepatic Notes: R 2 is 32.3% for the birth weight model R 2 is 33.5% for the gestational age model Gestational age and birth weight cannot be put into the same model because of multi-collinearity problem. The correlation between the 2 parameters is r ϭ 0.82, p Ͻ 0.0001
There are overall no significant interactions between sex and birth weight (p ϭ 0.27) or sex and gestational age (p ϭ 0.40) CI, confidence interval N/A, Not applicable 728 glucose production. Furthermore, an effective regulation of adipogenesis by negative feedback signaling from adipocytes can limit excessive proliferation and accumulation of fat tissue in the infant. Such an adaptive response in nutritional and energy regulation raises the possibility that resistin together with other metabolic hormones may play a critical role in ensuring the survival of the newborn by providing adequate substrate-glucose-for CNS utilization and avoiding the production of an excessively fat or large fetus that may adversely affect the process of normal childbirth. Although our hypothesis might explain to some extent the neonatal physiologic requirement at birth, the results could be interpreted differently.
The lack of significant correlation between resistin and insulin or glucose might suggest that resistin was not involved directly in the regulation of metabolism or adipose tissue in utero. The increase in plasma resistin concentrations with advancing gestational age might merely reflect a larger adipose tissue mass that produces a greater quantity of the hormone toward the late stages of pregnancy. However, the latter assumption is not entirely logical or satisfactory, as it would be difficult to explain 1) why resistin was not functionally active in utero and 2) the finding of our recent study (9) that showed convincingly a potent suppressive effect of insulin on resistin in newborn infants of mothers with insulin-dependent diabetes. In addition, the current study was never intended or designed to trace the origin of resistin in newborn infants. A recent study demonstrated the expression of resistin gene in trophoblastic cells of the placenta (30) . Moreover, the expression of resistin gene in term placental tissue was more prominent compared with the expression found in the chorionic villi in the first trimester (30) . Whether the pattern of increase in plasma resistin concentration with advancing gestational age in newborns is in any way related to the up-regulation of placental resistin expression in late pregnancy will require further investigation. The signaling pathways of resistin have yet to be identified and mapped out properly. Recent studies in immunohistochemistry reveal that brain cells of the arcuate nucleus contain neuropeptide Y (NPY), which is known to be associated with increase in food intake (31) . In contrast, leptin inhibits neurons that contain this chemical and reduces feeding (32) . This immunohistochemical technique also demonstrates the presence of resistin protein in the arcuate nucleus and pituitary gland, and reverse transcription-PCR detects resistin mRNA in the hypothalamic-pituitary system (33) . Moreover, intracerebroventricular administration of NPY to mice increases resistin gene expression in white adipose tissues, suggesting that the regulation of resistin may be controlled centrally and related to NPY (34) . Although the exact signaling circuit that mediates resistin actions has not been fully elucidated, the significant association between resistin and leptin demonstrated in the current study and the relation of these two metabolic hormones with NPY raise the possibility that resistin and leptin may act centrally and influence each other in related metabolic pathways.
Our findings also suggest that the mode of delivery in addition to gestational age and birth weight was an independent factor affecting plasma resistin concentrations at birth. The circulating resistin levels were significantly higher in infants who were delivered vaginally than by cesarean section. Furthermore, this phenomenon was consistently observed in both preterm and term infants when their results were analyzed separately. This was an unexpected finding and thus far has not been reported in the literature. This observation bore close resemblance to the stress hormone cortisol, which was also found to be significantly elevated in infants who were born vaginally (35) . Resistin has been implicated to have a potential role in mediating inflammatory response (5) and being influenced by proinflammatory stimuli or cytokines such as lipopolysaccharide or tumor necrosis factor-␣ (4, 36) . Although the exact mechanism of this phenomenon cannot be fully elucidated by the current study, we speculate that the elevated resistin level may be related to stress or inflammation induced by vaginal delivery.
CONCLUSION
In summary, our findings indicate that plasma resistin and serum leptin concentrations are significantly higher in term than in preterm newborns. A high circulating resistin level at term may assist the infant in maintaining an adequate blood glucose concentration and preventing hypoglycemia. The significant relationship between resistin and leptin and their association with gestational age and anthropometric indexes suggest that both metabolic hormones are gestation related and may play an important role in modulating energy homeostasis and regulating growth in utero. Furthermore, we speculate that the elevated plasma resistin concentration in infants who were delivered vaginally might have been related to stress or inflammation induced by the birth process.
